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Abstract: The high amplitude and steep overvoltage generated by the breaking of the vacuum circuit
breaker in the wind farm damages the inter-turn insulation of the transformer. There is a certain
difference between the simulation results of the traditional reignition model and the measured
overvoltage. It is necessary to improve the simulation model to simulate the overvoltage condition of
the transformer more accurately and then select appropriate overvoltage protection measures. In
this paper, based on the physical process of dielectric recovery during the opening process of the
vacuum circuit breaker, a model of dielectric strength recovery is built to simulate the arc reignition
of the vacuum circuit breaker. The model was applied to compare the overvoltage protection effects
of RC snubbers, surge arresters, and choke coils. The simulation results show that the overvoltage
amplitude and reignition times calculated by the model proposed in this paper are closer to the
measured values. Compared with the traditional linear curve reignition model, the accuracy was
increased by 24% and 51.2%, respectively. The parameter value of RC snubbers, the connection
mode of surge arresters, and the combination mode of choke coil have an influence on overvoltage
suppression. Finally, a suitable suppression scheme is proposed by installing a combined arrester on
the high-voltage side of the transformer and connecting a choke coil in series, which can limit the
phase-to-ground voltage and the phase-to-phase voltage to 2.43 p.u and 3.24 p.u, respectively, and
reduce the steepness from 157.2 kV/µs to 22.3 kV/µs.

Keywords: wind farm; vacuum circuit breaker; microscopic dielectric; reignition; overvoltage protection

1. Introduction

Multiple reignitions of the vacuum circuit breaker opening in wind farms generate
transient overvoltages of very high amplitude and steepness, which cause shocks to the
equipment and threaten the safe and stable operation of the power system [1,2]. The
overvoltage of wind farms simulated using the traditional vacuum circuit breaker model
is somewhat different from the test results, and the analysis of the operating state of the
equipment and risk judgment is not accurate enough; there are still accidents such as turn-
to-turn and phase-to-phase insulation breakdown of the step-up transformer at the end of
the wind turbine [3,4]. For this reason, it is necessary to improve the vacuum circuit breaker
simulation model to more accurately simulate the overvoltage condition of transformers in
wind farms and provide a reference for overvoltage protection.

Existing studies show that whether reignition occurs after a vacuum circuit breaker is
opened depends on the dielectric recovery process after arc extinguishing [5]. The Helmer
reignition model ignores the complex diffusion process of residual ions, electrons, and
neutral particles after the arc; it considers that the gap breakdown depends only on the static
withstand voltage strength, and the dielectric insulation strength increases linearly with
time. It also considers the interception and the high-frequency arc extinguishing capability
to realize the simulation of vacuum circuit breaker reignition [6]. Ref. [7] found that the
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linear fit of the dielectric recovery rate is too fast, and the simulation error is significantly
based on the reignition test; further considering the mechanical properties of the contacts,
the deduced dielectric insulation strength rises quadratically and nonlinearly with time.
In Ref. [8], the dispersion of the gap breakdown voltage was found to be significant, so
the random nature of the breakdown voltage was considered, the breakdown voltage
was considered to occur in the region between two dielectric insulation strength curves,
and the nonlinear contact motion was considered. The results show that considering the
random breakdown voltage in a vacuum with the contact motion characteristics makes
the overvoltage assessment more accurate compared to the conventional method. Ref. [9]
considered that this dispersion is related to the diffusion of microscopic particles and
the decrease in dielectric recovery strength caused by free metal particles. Based on
multiple sets of measured breakdown voltage distribution statistics, the dielectric insulation
strength curve was fitted in segments. The accuracy of the simulation was improved
after considering the sudden drop in breakdown voltage caused by microscopic particles.
Combined with the above studies, the simulation of wind farm reignition takes less account
of the influence of the microscopic dielectric. This paper improves the dynamic insulation
strength of the dielectric in the traditional reignition model from this aspect.

The residual ions, electrons, and neutral particles left in the gap after the arc extin-
guishment of the vacuum circuit breaker affect the breakdown voltage of the fracture
gap. The recovery process of the microscopic dielectric has been studied extensively by
scholars. In Ref. [10], the dielectric recovery process after arc extinguishment was divided
into three stages: sheath growth, metal vapor attenuation, and static withstand voltage
stage by vacuum switch dielectric recovery strength test. Most of the analytical models
are used for their numerical simulation, such as the continuous transition model (CTM)
describing the sheath growth, the Farrar formula for metal vapor attenuation, and the
average vapor attenuation formula [11]. Based on the above theory, Ref. [12] established,
for the first time, a reignition model for microscopic dielectric recovery of vacuum circuit
breakers; it simulates and calculates the operating overvoltage when opening a no-load
transformer and compares it with the average recovery rate, and the results show that
the established three-stage recovery strength calculation model is closer to the actually
measured recovery characteristics. In Ref. [13], a dielectric recovery microscopic reigni-
tion model was established to study the influence law of load circuit parameters on the
reignition of small inductive currents in circuit breaker opening. Ref. [14] found that in
high-frequency arc opening, the arc burning time is short, the rate of change in current is
large, the cathode spot can not be fully diffused, the cathode spot distribution diameter
is smaller than the diameter of the contact, the traditional analytical model is improved,
the plasma is calculated, metal vapor density is increased by order of magnitude, the
dielectric recovery rate becomes slower, and the probability of reignition increases. The
above reignition model takes into account the physical process of microscopic dielectric
recovery, which is closer to the actual vacuum circuit breaker breaking characteristics. At
present, the model is less used in the study of wind farm overvoltage. This paper intends
to use this model to analyze the transient overvoltage endured by wind farm transformers
more accurately.

For switching overvoltages caused by vacuum circuit breakers, the main suppression
measures are the installation of surge arresters and RC snubbers. Surge arresters can
suppress overvoltage amplitude but not steepness; the use of RC snubbers leads to a low
probability of reignition occurrence [15–17]. Recent studies have shown that the use of
choke coils can reduce the steepness of overvoltages, with insignificant suppression of
voltage magnitude, and the installation of both surge arresters and choke coils is recom-
mended [18,19]; however, the wiring method and the number of surge arresters have not
been studied and require further discussion. The high-voltage side of transformers in wind
farms is usually triangularly wired, which is subjected to higher voltage stresses compared
to star wiring; therefore, the effect of suppression measures on the phase-to-phase voltage
also needs to be analyzed.
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In this paper, firstly, an improved vacuum breaker reignition model is built in the
electromagnetic transient software based on the physical process of post-arc dielectric
recovery of a vacuum breaker. The model takes into account the three stages of post-arc
dielectric recovery, the dynamic changes in cathode spot distribution diameter, and the
actual breaking characteristics of the contacts. The proposed model is compared with the
measured values in the related literature to verify the accuracy of the model, and based on
the model, the reignition overvoltage of wind farms is simulated and analyzed. Finally, a
systematic simulation analyses the impact of different parameter values; wiring methods;
and combinations of RC snubbers, surge arresters, and choke coils on the overvoltage
suppression effect. Additionally, the best solution for overvoltage suppression is proposed.

2. Vacuum Circuit Breaker Micro-Dielectric Recovery Reignition Model

A vacuum circuit breaker opening between the contacts produces an arc; the arc
current occurs before reaching the natural over-zero point. If the current value is small,
the arc becomes unstable and is forced to extinguish; it then enters the post-arc dielectric
recovery process. The contact ends bear the transient recovery voltage (TRV), and dielectric
recovery strength competes with each other. The three stages bearing the TRV size are
different. Reignition and open failure may occur, and static can withstand the voltage stage
if the TRV peak can be withstood; it then opens successfully. The vacuum circuit breaker
opening flow chart is shown in Figure 1.
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It is crucial to simulate the dielectric recovery process accurately. In order to solve
the problem in the traditional reignition model where the description of the dielectric
recovery process after the arc is too simple, this paper considers the physical process of
sheath development and metal vapor decay, establishes a mathematical model for each
stage of dielectric recovery after the arc, and considers the vacuum breaker interception and
high-frequency arc extinguishing characteristics to realize the simulation of arc reignition.

2.1. Mathematical Model of the Post-Arc Dielectric Recovery Process
2.1.1. Sheath Growth

The sheath growths were analyzed using the continuous transition model (CTM),
which is modeled as follows [14]:

l2 =
4ε0u0

9eZNi

[(
1 +

uTRV
u0

) 3
2
+ 3

uTRV
u0
− 1

]
(1)

u0 =
Mi
2e

(vi −
dl
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)

2
(2)
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Ni = Ni0 exp(− t− t0

τ
)(δAMP

l2

d2 + 1) (3)

Ni0 =
4I0

viπD2Ze
(4)

I0 =
dI
dt

tvod (5)

The physical meaning and values of each parameter are shown in Table 1.

Table 1. Physical meaning and values of each parameter.

Parameter Physical Meaning Value or Unit

l sheath length mm
ε0 vacuum dielectric constant 8.85 × 10−12 F/m
e electronic charge 1.602 × 10−19 C
Z average charge carried by ions 1.3~1.5
u0 sheath potential V

δAMP inter-polar ion space charge distribution coefficient 5
I0 Initial value of post-arc current A
Mi metal ion mass 1.062 × 10−25 kg
vi copper ion movement velocity 5000 m/s
D cathode spot distribution diameter mm
Ni plasma density m−3

τ ion diffusion decay time parameter 0.5~10 µs
d gap distance between contacts Max. 20 mm

tvod
the time from the moment of current zero crossing to the

beginning of the sheath growth 100 ns

Sheath stage reignition criterion:

E = 2

√
eZNi

ε0
(
√

uTRVu0 + u2
0 − u0) (6)

Heavy breakdown occurs when the electric field strength E at the cathode surface
is greater than the critical electric field strength Ec(5 × 109 V/m) [13]. The metal vapor
attenuation phase starts when the sheath length l is the same as the gap length d.

2.1.2. Metal Vapor Attenuation

The cathode spot of the vacuum arc is the main source of metal vapor. Under diffusive
arc mode conditions, the metal vapor produced by the electrode at a sinusoidal current
i = Imsinωt can be written as follows [20]:

n(t) =
Smω

ω2 + β2

[
β

ω
sin ωt− cos ωt + e−βt

]
e−βt (7)

ω = 2π f (8)

β =
1

2R

√
8KT
πM

(9)

Sm =
KeEIm

MπR2d
(10)

where n(t) is the average density of metal vapor; Im is the amplitude of sinusoidal current;
β is the decay coefficient of metal vapor; T is the temperature of the metal vapor in the
gap after the current crosses zero, taken as 2000 K; K is Boltzmann’s constant, and its
value is 1.38 × 10−23 J/K; E is the corrosion rate, taken as 61 µg/C; Ke is the evaporation
coefficient of the electrode, taken as 4; M is the metal vapor atomic mass, where copper is
1.062 × 10−25 kg; and R is the cathode spot distribution radius.
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The limit metal vapor density of the vacuum circuit breaker is in accordance with the
Paschen curve law. When the product of metal vapor density and gap opening distance is
about 3 × 1019 m−2, the gap is considered to be broken [5].

When the average free travel of electrons is the same as the gap length, the dielectric
recovery process after the vacuum circuit breaker arc enters the static pressure resistance
stage. The relationship between the average free travel of electrons λe and the critical
density of metal vapor nc is given by the following equation [21]:

nc =
1√

2λeπr2
Cu

(11)

where the copper ion radius rCu is taken as 1.278 × 10−10 m.

2.1.3. Static Withstand Voltage Stage

At this stage, the vacuum circuit breaker gap returns to the vacuum state; the break-
down at this time is a vacuum breakdown, and the relationship between the impact
withstand voltage of the 40.5 kV vacuum interrupter, and the contact gap length is as
follows [22]:

ud = 70.12d0.56 (12)

The contact gap length d is obtained from the measured breaking speed characteristic
curve [23]. The magnitude of the transient recovery voltage (uTRV) is compared with the
static shock voltage (ud) of the circuit breaker, and the vacuum gap is broken when uTRV is
greater than ud.

2.1.4. Cathode Spot Distribution Diameter

The calculation of the initial plasma density and metal vapor density requires the
cathode spot distribution diameter D. When the vacuum circuit breaker reignites, the
contact gap flows through the high-frequency current; the arc burning time is short; the
cathode spot is difficult to spread to the edge of the contact; the contact utilization rate is
reduced; D takes the diameter of the contact, which makes the calculated density value
small; there are deviations from the actual; and the model needs to be introduced for the
acquisition of D. Assuming that the cathode spots are distributed circularly, and the velocity
v of the cathode spots in all directions is the same, D can be written as follows [20]:

D =

{
2vt(2vt < Dc)
Dc(2vt ≥ Dc)

(13)

where v is the diffusion rate of the cathode spot, proportional to (di/dt)1/2 [14], and t is the
arc-burning time. When the arc-burning time is long enough, D equals the diameter of the
contact Dc.

2.2. High-Frequency Arc Extinguishing Capability

Reignition leads to the gap flow through the high-frequency current, and its superpo-
sition on the frequency current appears as a large number of over-zero points; due to the
initial arc current change rate being large, the vacuum circuit breaker can not cut off the
high-frequency current. With the decay of the current, the current change rate gradually
decreases after a few cycles. When the current is over zero, and the current change rate
is small enough, the high-frequency current is cut off, so the critical value of the current
change rate can be used on behalf of the vacuum. Therefore, the critical value of the current
change rate can be used to represent the high-frequency current extinguishing ability of the
vacuum circuit breaker. The range of the critical value is 100~600 A/µs [3]. In this paper,
the critical current rate of change in simulation is set to 300 A/µs.
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2.3. Vacuum Circuit Breaker Opening and Closing Logic

The built vacuum circuit breaker reignition model is shown in Figure 2. The model
consists of an ideal switch, logic control module, and stray components. The ideal switch is
set to infinity resistance (100 MΩ) when it is broken, and the arc resistance is replaced by
a very small resistance (0.01 Ω) when it is closed. The logic control module controls the
opening and closing state of the switch; the capacitance of the stray component is set to
200 pF, the resistance is set to 50 Ω, and the inductance is set to 50 nH.
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The simulation frequency cut-off current value Ib is taken as 3 A, and the simulation
step is taken as 0.02 µs. The specific simulation flow is shown in Figure 3.
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3. Wind Farm Vacuum Circuit Breaker Reignition Overvoltage Model Validation
3.1. Overall Wind Farm System Model Building

The typical electrical layout of the wind farm is shown in Figure 4, and its collector line
wiring structure is chain-shaped, with the entire wind farm consisting of four feeders in
parallel and eight wind turbines connected to a single feeder with a 700 m spacing between
neighboring turbines on the feeder. The cable length from the bottom of the turbine to the
nacelle step-up transformer is about 80 m [24]. The voltage at the wind turbine end is 690 V,
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which is raised to 35 kV through the booster transformer, and the high voltage side of each
booster transformer is connected to each other using collector lines to form a joint unit,
which is finally connected to the booster station for voltage boosting.

Energies 2023, 16, x FOR PEER REVIEW 7 of 16 
 

 

3. Wind Farm Vacuum Circuit Breaker Reignition Overvoltage Model Validation 

3.1. Overall Wind Farm System Model Building 

The typical electrical layout of the wind farm is shown in Figure 4, and its collector 

line wiring structure is chain-shaped, with the entire wind farm consisting of four feeders 

in parallel and eight wind turbines connected to a single feeder with a 700 m spacing be-

tween neighboring turbines on the feeder. The cable length from the bottom of the turbine 

to the nacelle step-up transformer is about 80 m [24]. The voltage at the wind turbine end 

is 690 V, which is raised to 35 kV through the booster transformer, and the high voltage 

side of each booster transformer is connected to each other using collector lines to form a 

joint unit, which is finally connected to the booster station for voltage boosting.  

 

Figure 4. Typical distribution diagram of wind farm cable system. 

In the simulation model, the step-up transformer models its high-frequency charac-

teristics by connecting stray capacitors in parallel, with the high-voltage side capacitor CH 

= 1 nF, the low-voltage side capacitor CL = 3.1 nF, and the inter-high-voltage capacitor CHL 

= 3 nF [3]. The switching transients (about 3–5 ms) generated during the vacuum circuit 

breaker shutdown are much larger than the doubly fed fan control circuit response time 

(about tens to hundreds of milliseconds); therefore, for transient studies, the DFIG is 

mostly modeled as a high-frequency induction motor impedance, which is connected in 

parallel with its control circuit impedance as well as in series with a harmonic filter. See 

Figure 5 for the stator-side equivalent resistance Rs = 0.00047 Ω and inductance Ls = 0.0283 

mH, rotor-side equivalent resistance Rr = 0.00053 Ω and inductance Lr = 0.0305 mH, motor 

excitation inductance Lm = 1.21 mH, stator and grid-side filter inductance Lfr = 1 mH and 

Lfg = 0.73 mH, and filter capacitance Cf = 100 μF [25]. The frequency-dependent (phase) 

model provided by the transient electromagnetic software was chosen for the three-core 

cable, and the metal shield was grounded via a 0.1 Ω resistance [26].  

 

Figure 5. High-frequency model of transformer and DFIG. 

3.2. Vacuum Breaker Model Validation 

In order to verify the effectiveness of the vacuum breaker model built in this paper, 

the same simulation model as the wind farm testbed arrangement in the paper [27] was 

built in the transient electromagnetic software (see Figure 6). The transformer, cable, and 

vacuum breaker were used in the high-frequency model mentioned above, and the wind 

turbine model was replaced by the reactor equivalent as in the paper [27] test. The simu-

lation results are shown in Figure 7, which includes the comparison of the effect of tradi-

tional calculation methods (linear and quadratic fitting of dielectric dynamic insulation 

strength curve). The peak voltage, voltage steepness, number of reignitions, and duration 

Figure 4. Typical distribution diagram of wind farm cable system.

In the simulation model, the step-up transformer models its high-frequency charac-
teristics by connecting stray capacitors in parallel, with the high-voltage side capacitor
CH = 1 nF, the low-voltage side capacitor CL = 3.1 nF, and the inter-high-voltage capacitor
CHL = 3 nF [3]. The switching transients (about 3–5 ms) generated during the vacuum cir-
cuit breaker shutdown are much larger than the doubly fed fan control circuit response time
(about tens to hundreds of milliseconds); therefore, for transient studies, the DFIG is mostly
modeled as a high-frequency induction motor impedance, which is connected in parallel
with its control circuit impedance as well as in series with a harmonic filter. See Figure 5
for the stator-side equivalent resistance Rs = 0.00047 Ω and inductance Ls = 0.0283 mH,
rotor-side equivalent resistance Rr = 0.00053 Ω and inductance Lr = 0.0305 mH, motor
excitation inductance Lm = 1.21 mH, stator and grid-side filter inductance Lfr = 1 mH and
Lfg = 0.73 mH, and filter capacitance Cf = 100 µF [25]. The frequency-dependent (phase)
model provided by the transient electromagnetic software was chosen for the three-core
cable, and the metal shield was grounded via a 0.1 Ω resistance [26].
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3.2. Vacuum Breaker Model Validation

In order to verify the effectiveness of the vacuum breaker model built in this paper,
the same simulation model as the wind farm testbed arrangement in the paper [27] was
built in the transient electromagnetic software (see Figure 6). The transformer, cable,
and vacuum breaker were used in the high-frequency model mentioned above, and the
wind turbine model was replaced by the reactor equivalent as in the paper [27] test. The
simulation results are shown in Figure 7, which includes the comparison of the effect of
traditional calculation methods (linear and quadratic fitting of dielectric dynamic insulation
strength curve). The peak voltage, voltage steepness, number of reignitions, and duration
of reignition were selected as the comparison indexes [9], and the comparison results are
shown in Table 2.
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Figure 7. Overvoltage at transformer T2 simulated by different methods: (a) real measurement [27]
(peak voltage: 123.01 kV, steepness: 148.31 kV·µs−1, number of reignition: 43, reignition duration:
2.1 ms); (b) linear dielectric dynamic insulation strength curve (peak voltage: 156.18 kV, steepness:
130.64 kV·µs−1, number of reignition: 18, reignition duration: 1.6 ms); (c) quadratic dielectric
dynamic insulation strength curve (peak voltage: 148.67 kV, steepness: 126.32 kV·µs−1, number of
reignition: 30, reignition duration: 1.9 ms); (d) dielectric recovery (peak voltage: 126.61 kV, steepness:
157.89 kV·µs−1, number of reignition: 40, reignition duration: 2.2 ms).

Table 2. Comparison of characteristic parameters of reignition overvoltage.

Method Voltage (kV) Steepness
(kV·µs−1)

Number of
Reignition

Reignition
Duration (ms)

Real
measurement 123.01 148.31 43 2.1

Linear 156.18 130.64 18 1.6
Quadratic 148.67 126.32 30 1.9
Dielectric
recovery 126.61 157.89 40 2.2

Among the above three models, the values of critical parameters for the linear and
quadratic methods were taken from the empirical values given in the papers [4,7,9]. When
combining the data in Figure 7 and Table 2, it can be seen that the peak overvoltage
of the conventional model simulation is larger than the measured value, and the errors
of the linear and quadratic methods are 26.9% and 20.8%, respectively. The steepness,
number of reignitions, and duration of reignition are smaller than the measured values,
with errors of −11.9%, −58.1%, and −23.8% and −14.8%, −30.2%, and −9.5%, respectively.
Considering the vacuum circuit breaker microscopic dielectric recovery simulation, the
voltage peak, steepness, number of reignitions, and reignition duration are close to the
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measured values with errors of 2.9%, 6.5%,−6.9%, and 4.8%, respectively. It was also found
that the overvoltage of the conventional method rises smoothly according to the fitted
linear and quadratic curves, while the overvoltage simulated by the proposed method
rises to fluctuate, the waveform is more accurate to the measured value, and the reignition
process is more precise.

The analysis shows that the traditional linear method assumes that the contact gap
is linearly proportional to time (constant opening speed), and the withstand voltage rises
linearly with time, which is too fast to recover compared with the actual withstand voltage
characteristics and ignores the low-voltage breakdown situation. Additionally, the gap
withstand voltage value calculated at the later stage is large, resulting in a higher breakdown
voltage when reignition occurs, a reduced number of reignitions, and a shorter reignition
duration. The secondary method assumes constant acceleration of contacts, linear increase
in opening speed, and nonlinear increase in withstand voltage with time. The simulation
has a good fit in the early stage and the number of reignitions increases. However, because
the low voltage breakdown is also ignored, the overall situation is lower than the actual
measurement, and the breakdown voltage is large in the later stage.

By using the reignition model in this paper, the simulation found that the arc reignition
mainly occurs in the metal vapor attenuation and static withstand voltage stage. The TRV
of metal vapor attenuation stage is smaller than that of static withstand voltage stage,
so when reignition occurs in metal vapor attenuation stage, the over-voltage after the
reignition is significantly lower than the over-voltage of the last reignition. To achieve the
low voltage breakdown in the measured waveform, the number of simulated reignition
is higher than the traditional model. The static withstand voltage stage determines the
overvoltage of the final reignition, and its withstand voltage value is obtained according to
the measured breaking speed, so the peak overvoltage is closer to the actual measurement.
Compared with the traditional linear curve reignition model, the reignition model built in
the paper significantly improved the accuracy of overvoltage peak, reignition number, and
reignition duration by 24%, 51.2%, and 19%, respectively. Compared with the traditional
secondary curve reignition model, the accuracy of the overvoltage peak and reignition
number improved significantly by 17.9% and 23.3%, respectively. It can be seen that the
establishment of a detailed model of the physical process of post-arc dielectric recovery
further improves the simulation accuracy of overvoltage.

4. Simulation of Reignition Overvoltage Protection Measures

The overvoltage protection measures used in this section are capacitance absorbers,
surge arresters, and choke coils. The capacitance absorber consists of resistance and
capacitance in a series. Surge arresters are essentially nonlinear resistors, which use the
V-I characteristic curve of residual voltage 73 kV at a nominal discharge current of 1 mA
DC. The equivalent circuit of the choke coil is composed of inductance and resistance in
parallel. The per-unit voltage of the 35 kV power system is as follows:

Up.u. = 40.5×
√

2√
3
= 33.1 kV (14)

Reignition overvoltage caused by the opening operation of the vacuum circuit breaker
at the bottom of the wind farm tower is the most serious [4]. In this paper, a simulation
model was established according to the typical wind farm layout in Figure 3, in which the
vacuum circuit breaker, transformer, cable, and wind turbine models adopt the proposed
method. Without suppression measures, the overvoltage simulation waveform of the
high-voltage side of the terminal transformer T1 is shown in Figures 8 and 9 of the vacuum
circuit breaker CB11 at the bottom of the opening tower, and the amplitude and steepness
of the relative ground voltage are 153.7 kV (4.6 p.u.) and 157.2 kV/µs, respectively. The
interphase overvoltage amplitude is 262.8 kV (7.9 p.u.), and the reignition duration is 3.7 ms.
The relative operating overvoltage in a 35 kV system shall not exceed 132 kV (4.0 p.u.), and
the relative overvoltage shall not exceed 1.4 times the relative overvoltage between phases,
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i.e., 185 kV (5.6 p.u.) [28]. It can be seen that the opening operation is easy to damage the
insulation of the terminal transformer of the wind farm, and effective protection is required.
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Figure 9. Simulation waveform of transformer T1 phase-to-phase voltage without suppression measures.

4.1. Effect of RC Snubbers on Overvoltage

RC snubbers are connected in parallel to the protection equipment and can effectively
reduce the overvoltage amplitude and frequency. Since there is no national standard for
RC snubbers, the capacitance parameters are based on many years of actual operating
experience at home and abroad. In order to effectively suppress the reignition overvoltage
in wind farms, this paper combines different capacitance parameters for simulation, with
resistance selected from 100 to 500 Ω, and capacitance is taken as 0.01 µF, 0.05 µF, and 0.1 µF.
The overvoltage situation under different capacitance parameters is shown in Figure 10.

As can be seen from Figure 10, (1) resistance and capacitance affect the suppression
effect. Resistance remains constant; the larger the capacitance value, the more obvious
the overvoltage suppression. Additionally, capacitance remains constant; the resistance
increases; the overvoltage amplitude decreases; the capacitance value is 0.05 µF; the resis-
tance value is 400 Ω; and the voltage amplitude appears as a significant decline, with a
drop of 58.3%. The increase in resistance value reduces the oscillation frequency, prolongs
the moment of high-frequency current over zero, reduces the chance of reignition, and thus
suppresses the overvoltage amplitude. In order to reduce the loss and heat, the resistance
value should not be selected too large, generally about 400 Ω. (2) Regarding 400 Ω/0.05 µF
is compared with the commonly used 100 Ω/0.1 µF RC snubbers protection effect; the latter
eliminated the occurrence of reignition, and the former occurred with three reignitions, but
the relative ground and phase voltage did not exceed the specified standard value. The
simulation results are shown in Table 3 and Figures 11 and 12, and the two protection effect
is very close. The former is able to overcome the problem of excessive capacitance current
and resistance burnout of the latter in specific cases, and the capacitance value is reduced
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by half compared with 0.1 µF, so the volume can be further reduced, and the increase in
resistance value also improves the protection effect and stability. If the site conditions allow,
the RC snubbers with parameters of 400 Ω/0.05 µF can be considered.
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Table 3. Comparison of protection effects of two RC snubbers models.

Parameter Model Voltage to
Ground (kV)

Interphase
Voltage (kV)

Steepness
(kV·µs−1)

Number of
Reignition

No protection 153.7 262.8 157.2 45
100 Ω/0.1 µF 41.2 58.6 — 0
400 Ω/0.05 µF 58.3 72.8 53.2 3
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4.2. Effect of Surge Arresters and Choke Coil on Overvoltage

The high-voltage transformer side of the installation of the surge arrester is the conven-
tional overvoltage amplitude suppression measures, the arrangement of star, and combined
connection method. Ref. [15] also proposed the high-voltage transformer side of the relative
ground and phase between the installation of surge arresters at the same time, as shown in
Figure 13. The high-voltage transformer side (cable start end) series choke coil can suppress
overvoltage steepness [18]. Due to the characteristics of high-frequency magnetic material
(ferrite) (see Figure 14), the impedance of the coil is close to zero in the case of working
frequency, which does not affect the equipment in the line, and in the case of high frequency,
the coil exhibits high impedance, which suppresses the high-frequency current during
reignition and reduces the frequency of transient voltage, thus reducing the steepness and
amplitude of overvoltage rise. In order to eliminate wave reflection, the coil equivalent
resistance value is as close as possible to the wave impedance of the cable, so a resistance
of 30 Ω and an inductance value of 85 µH are selected. A series choke coil in parallel
with a small capacitor (10 nF) or surge arresters may be more obvious for overvoltage
suppression [19]. In each system, operating conditions and equipment parameters, etc.,
there are differences in the protection effect, so this paper simulates and compares the
suppression effect under different combinations of the surge arresters and choke coil in the
same system. The simulation results are shown in Table 4.
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Table 4. Influence of different combinations of choke coils on overvoltage.

Protection Measures Voltage to
Ground (kV)

Interphase
Voltage (kV)

Steepness
(kV·µs−1)

Number of
Reignition

Star arrester 91.8 180.6 145.3 27
Choke coil 145.1 253.7 30.4 26

Choke coil +10 nF 133.6 241.6 14.2 16
Choke coil + star arrester 91.7 180.1 24.7 21

Choke coil + combined arrester 80.5 107.3 22.3 14
Choke coil + star and

interphase arrester 74.1 91.9 19.6 12

As seen in Table 4, (1) the commonly used star arrester was installed separately to limit
the relative ground voltage to 2.77 p.u. (a drop of 40.3%), but the phase-to-phase voltage
reaches 5.4 p.u., close to the phase-to-phase standard specified value of 5.6 p.u., which
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may cause transformer phase-to-phase breakdown, and the steepness suppression effect
is poor (a drop of 7.6%). (2) When the choke coil is strung separately, it can significantly
increase the rise time of the overvoltage to the peak (from 0.19 µs to 1.12 µs without
protection; see Figure 15), effectively reducing the voltage steepness (a drop of 80.6%),
but the relative ground and phase to phase voltage suppression is not obvious (a drop
of 7.6% and 3.4%) and are more than the standard value; installing additional protective
components is required. (3) The minimum steepness is 14.2kV/µs when adding small
capacitance elements, which is related to the further increase of time constant, but the
relative ground and interphase voltage exceeds the specified standard value. (4) With the
addition of different wiring arrester components, the star arrester phase voltage is still too
large. Therefore, combining the arrester and star and interphase arrester protection is the
best option. Similarly, the relative ground and interphase voltage are not more than the
specified standard value, but the former can choose a lower residual voltage valve. The
number of surge arresters is also less than the latter; from a comprehensive comparison, the
best protection measures are choking coil + combination arrester (see simulation Figures 16
and 17). Although the reignition phenomenon can not be completely eliminated, the
number of reignitions and steepness reduction of 68.9% and 85.8%, respectively, reduces
the cumulative effect. The critical voltage of the transformer basic insulation level (BIL)
was significantly improved, reducing the risk of transformer insulation breakdown.
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5. Conclusions

In this paper, through the study of the vacuum circuit breaker reignition mechanism,
a vacuum circuit breaker model was established in the electromagnetic transient software,
and it was verified that it could truly simulate the reignition process of the circuit breaker.
After that, the model was applied to wind farms, and the effects of the parameter values
of the RC snubbers, the surge arrester wiring, and the choke coil combination on the
suppression effect were systematically investigated, and the best suppression scheme was
finally given. The conclusions are as follows:

(1) The vacuum breaker reignition model built in this paper takes into account the
microscopic dielectric recovery process after the arc, and the simulated reignition
number is higher than the traditional linear curve reignition model, while the voltage
is smaller, and the accuracy is improved by 51.2% and 24%, respectively, which is
closer to the actually measured overvoltage and can reflect the transformer operating
condition more accurately.

(2) The resistance and capacitance parameters of RC snubbers affect the inhibition effect.
The 400 Ω/0.05 µF and 100 Ω/0.1 µF parameters of the protection effect are compara-
ble and can make the reignition phenomenon basically disappear. The 400 Ω/0.05 µF
RC snubbers with strong stability can be selected, but the operation of the standard
is not perfect and difficult to manage, among other issues; therefore, they are rarely
used in wind farms.

(3) The addition of a combined surge arrester with a series choke coil can make the relative
ground and phase overvoltage amplitude reduce by 47.6% and 59.2%; the steepness
and the number of reignitions were also reduced by 85.8% and 68.9%. Compared to
the RC snubbers, the normal operation of the line parameters will not change. This
paper recommends this program for wind farms’ reignition overvoltage protection.
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Abbreviations

CTM continuous transition model
VCB vacuum circuit breaker
TRV transient recovery voltage
DFIG double-fed induction generator
BIL basic insulation level
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